As human immunodeficiency virus (HIV)-infected women gain access to combination antiretroviral therapy throughout sub-Saharan Africa, a growing number of infants are being born HIV-exposed but uninfected. Data about neonatal mortality and the impact of premature delivery, in this population are limited. We describe the 28-day mortality outcomes in a cohort of HIV-exposed infants who had ultrasound-confirmed gestational age in rural Uganda. There were 13 deaths among 351 infants, including 9 deaths in the perinatal period. Premature delivery was a strong predictor of mortality. The prevention of HIV transmission to infants is now possible in rural low-resource settings but the frequency of neonatal death among HIV-exposed infants remains extremely high, calling for new comprehensive interventions to reduce mortality in this growing population.
Background
Programs for the prevention of perinatal human immunodeficiency virus (HIV) transmission are rapidly expanding around the world. The Joint United Nations Programme on HIV/AIDS (UNAIDS) reports a 24% decline in incident perinatal HIV infections between 2009 and 2011 in the Global Plan priority countries in Sub-Saharan Africa [1] . Their bold strategy calls for the elimination of new HIV infections among children by 2015. As more women of reproductive age are living longer with HIV, and prevention strategies are effectively reducing transmission of HIV to infants, the population of infants born 'HIV-exposed' to infected mothers but remaining uninfected is growing.
HIV-exposed children have mortality rates that are unacceptably high, ranging from 2.5 to 7.5 deaths per 100 person-years [2, 3] , yet our understanding about the causes of death in this at-risk population is limited, particularly in the countries where mortality rates are highest [4] [5] [6] . The first 4 weeks of life are a particularly vulnerable period in the developing world where malaria, poor hospital infrastructure and malnutrition are common. Prematurity is thought to be a leading contributor to neonatal death in developing countries [7] , but most studies are only able to use inaccurate gestational age (GA) dating techniques such as last menstrual period (LMP) [8] [9] [10] . The provision of antiretroviral therapy (ART) to HIV-infected pregnant women might help reduce neonatal mortality, but data are limited; studies include few women receiving ART [5, 11] or are limited to retrospective analyses of clinical data [6] .
The purpose of this study is to characterize risk for death during the neonatal period in a cohort of infants born to HIV-infected women treated with combination ART and followed prospectively in rural Uganda, and to assess the role of prematurity using ultrasound-confirmed GA dating.
Methods
This study included infants born in a randomized clinical trial of HIV-infected pregnant women who were enrolled between 15 December 2009 and 25 November 2012 in the rural town of Tororo, Uganda (NCT00993031). Ethical approval for the study was obtained from the Uganda National Council of Science and Technology, the Research and Ethics Committee of the School of Medicine at Makerere University and the Committee on Human Research at the University of California, San Francisco. Informed written consent for participation was obtained from all study participants at enrollment. ART-naı¨ve women between 12 and 28 weeks gestation were randomized to receive either lopinavir-ritonavir-or efavirenz-based ART. All women received insecticide-treated bed nets and daily trimethoprim-sulfamethoxazole for prevention of opportunistic infections, and a standard prenatal care package of a safe water vessel, multivitamins and condoms as per standard of care for HIV-infected pregnant women in Uganda. GA was established using LMP and sonographic biometry (biparietal diameter, head circumference, abdominal circumference, femur length). Estimated date of delivery was based on LMP if the biometry was concordant within 7, 14 and 21 days in the first, second and third trimester, respectively, and based on ultrasound if LMP and biometry were not concordant. Women were encouraged to deliver at Tororo General Hospital (TGH), the district referral hospital. Midwives conducted deliveries and oxygen was available for resuscitation. Infants were seen every 2 weeks in the study clinic. Infants received zidovudine (AZT) prophylaxis after delivery in accordance with Ugandan Ministry of Health Guidelines, which changed during the course of the study. Seventy-six infants received AZT for 7 days, while 275 infants received AZT for 6 weeks after delivery. All infants had HIV DNA polymerase chain reaction (PCR) (Roche Amplicor HIV-1 DNA, v. 1.5) testing at birth.
Maternal medical and obstetrical history was collected at enrollment. Women were followed in the study clinic for all clinical care, including monthly routine visits. Delivery data were collected by study physicians who reviewed the medical record as recorded by the hospital staff. Infants were weighed on a calibrated scale within 12 h of delivery. Infants were followed every 2 weeks for the first month after delivery. This analysis included all neonatal deaths occurring within the first 28 days of life. Causes of neonatal deaths were determined by two pediatricians blinded to maternal study intervention arm and categorized according to criteria established by Lawn et al. [12] .
The primary outcome was neonatal death, defined as the death of a live-born infant within 28 days of birth. Perinatal death, defined as the death of a liveborn infant within 7 days of life was also examined. Low birth weight (LBW) was defined as <2500 g at birth. Prematurity, or preterm birth, was defined as any infant born before 37 weeks of gestation. Infants were included in this analysis if they were born alive, and had either died or reached 28 days of life at the time of analysis. No infants were lost to follow-up. Continuous (GA, duration of ART from enrollment to delivery, maternal age, CD4 count at enrollment), dichotomous (LBW, twin gestation, infant sex, location of delivery, treatment arm) and ordinal (gravidity, 1-and 5-min Apgar scores) variables were evaluated as predictors in univariate. Adjusted odds ratios were estimated using a multivariate logistic regression model that included all predictors significant in univariate analysis. Data analysis was conducted using Stata version 9 (StataCorp LP, TX, US).
Results
Among the 342 HIV-infected pregnant women enrolled, the median age was 29 years [interquartile range (IQR): 25-33] and median gravidity was 5 (IQR: 3-6). The median baseline CD4 count was 368 cells/mm 3 (IQR: 271-505) and 51.2% of the women were assigned to the protease inhibitor (PI)-based ART regimen. The median duration of ART before delivery among women was 119 days (IQR: 93-147).
There were 351 live-born infants, 77% delivered at TGH, 18% at home and 5% at another health facility. Nine (3%) of the total 306 deliveries were twin deliveries, and 3 of 351 (0.9%) infants had congenital anomalies. Overall, 192 (55%) were male and 159 (45%) were female. Of the 339 infants with a recorded birth weight, 69 (20%) were LBW. The median Apgar scores at 1 and 5 min were 9 and 10, respectively. The median GA at delivery was 38.9 weeks (number by GA was 29-30 weeks: 8, 31-32 weeks: 4, 33-34 weeks: 10, 35-36 weeks: 39, 37-38 weeks: 121, 39-40 weeks: 139, 41-43 weeks: 30); there were no live births of infants at <29 weeks GA.
Thirteen (3.7%) infants died within the first 28 days of life, with the majority (9 of 13) dying in the perinatal period. The causes of death were attributed to neonatal sepsis (n ¼ 3), prematurity (n ¼ 3), congenital abnormality (n ¼ 2), birth asphyxia (n ¼ 1) and other reasons (n ¼ 2, convulsions, birth trauma); in two cases, the cause of death was unknown (Table 1 ). All infants had negative HIV DNA PCR at birth. Fig. 1 shows neonatal survival by GA. While most of the deaths (7 of 13) were among children <32 weeks, all three infants born at 29 weeks survived. In univariate analysis, lower GA, LBW, lower 1-and 5-min Apgar scores, higher gravidity, twin gestation, congenital anomaly and shorter duration of ART were significant predictors of neonatal death (Table 2 ). In multivariate logistic regression modeling, increased GA was independently associated with reduced odds of neonatal death [odds ratio ¼ 0.45, 95% confidence interval (CI)
Discussion
In this cohort of infants born to HIV-infected women receiving combination ART in rural Uganda, we found a neonatal mortality rate of 37 per 1000 live births. This is higher than the national neonatal mortality rate of Uganda (26 per 1000) [13] and higher than rates reported in studies from Uganda, Tanzania and Kenya (range 17-29) [8] . While several studies have shown that children born to HIV-infected women experience elevated mortality rates during the first years of life [2, 3] , few have specifically reported neonatal mortality (<28 days); one recent retrospective study of infants born to HIVinfected women in Botswana reported a neonatal mortality rate of 23 per 1000 [6] .
The elevated mortality of infants born to HIVinfected women is not exclusively explained by HIV transmission to the infant. Infants who become HIV-infected, especially in utero, have high mortality over the first year of life [11] . Several studies have additionally shown that infants born to HIV-infected women suffer mortality rates at least twice that of children born to HIV-uninfected women, even when they remain uninfected by HIV [3, 5] . The increased mortality among such HIV-exposed infants has been hypothesized to result from the poorer care, lower socioeconomic status and increased exposure to opportunistic infections such as tuberculosis from sick or dead parents. Conversely, one would predict that HIV-infected women receiving combination ART, as they did in our cohort, would be healthier and have, in turn, healthier infants with higher neonatal survival. One recent study from South Africa found that the mortality of children <5 years of age, born to HIV-infected women receiving combination ART could approach that of children born to HIV-uninfected women [14] . However, the neonatal mortality rate in our cohort of children born to women receiving combination ART remained tragically high. Prematurity was a major contributor to mortality in our cohort. Using ultrasound-based GA measurements, we found that low GA was associated with increased odds of mortality (Table 2 ). It was encouraging that three infants born at 29 weeks GA survived; this may have been the result of the higher level of care offered by participation. However, even with those survivors, low GA was associated with increased odds of death in both unadjusted and adjusted modeling. In individual case reviews, prematurity was thought to be the primary cause in 3 of the 13 infants, but was also likely to have contributed to deaths among two (#8 and #9), which occurred in 30-week GA infants who died of sepsis (Table 1) . This high proportion of deaths attributed to prematurity (5 of 13 overall) is consistent with a recent meta-analysis that reported 52% of neonatal deaths in East Africa occurring in preterm infants [8] . Our understanding of the causes of premature delivery in HIV-infected women is limited. Advanced untreated HIV disease is associated with preterm delivery [11] , but one recent study suggested that combination ART may also be associated with premature delivery [6] and data are conflicting about whether different ART agents are associated with increased risk [10] . In our study, longer duration of ART seemed to decrease the risk of neonatal death. However, the effect size was small and may be related to confounding by prematurity because women who delivered prematurely would also have had a shorter duration of ART before delivery.
Infection was the primary cause of death in 3 of 13 cases (Table 1) , but may also have played a role in the two cases that occurred outside of the hospital (#2 and #6), and in case #1, in which a premature infant appeared to have died from necrotizing enterocolitis ( Table 2) . Our findings are consistent with data identifying infection as a leading cause of neonatal mortality, responsible for 35% of neonatal deaths worldwide [12] . Some evidence suggests that HIVexposed infants may be at elevated risk for infection, having lower levels of the protective maternal antibodies usually transferred late in gestation [15] . However a recent study of South African infants failed to find elevated risk of early or late onset sepsis among HIV-exposed infants [16] .
Hospitalization and intravenous (IV) antibiotics were available to infants in this study, but distance from the hospital in the rural site often led to delays in care that may have contributed to these deaths. Of note, LBW was a significant risk factor in unadjusted, but not adjusted, analyses ( Table 2) , suggesting that GA, and the associated factors of fetal immaturity, is the more important predictor of mortality.
In only one infant was death attributed to complications of birth asphyxia (#7) and in that case, it is possible that other predelivery insults from infection may have also contributed. This low rate stands in contrast to data, suggesting that birth asphyxia is responsible for as much as 24% of neonatal deaths in Africa [12] and is likely related, at least in part, to the fact that women in our study were followed closely and had access to skilled birth attendance at our study hospital. However, that 8 of 13 deaths occurred within the first day of life suggests intra-and postpartum management remain important.
This study has several limitations. The small size of this study reduces the precision of our estimated mortality rate and our ability to perform multivariate analyses and parse out the interactions of prematurity, infection and other factors. There was no comparison group of infants born to HIV-uninfected women. The clinical assignment of cause of death was also limited in many cases to data from verbal reports of the family. It should also be noted that HIV DNA testing at birth would have detected children infected in utero, but not intrapartum; although with high rates of virologic suppression in women at the time of delivery (data not shown) we expect intrapartum transmission in these infants to have been unlikely.
In summary, we report a high neonatal mortality rate in a cohort of children born to HIV-infected women receiving combination ART in rural Uganda, with prematurity and infection the leading causes of death. As treatment of HIV-infected pregnant women expands throughout Africa, it will be important that strategies to minimize both the incidence of and mortality from premature delivery and postnatal infection be developed to optimize the outcomes of HIV-exposed infants.
